Abstract-We describe an instrument intended to study finger contacts under tangential dynamic loading. This type of loading is relevant to the natural conditions when touch is used to discriminate and identify the properties of the surfaces of objects-it is also crucial during object manipulation. The system comprises a high performance tribometer able to accurately record in vivo the components of the interfacial forces when a finger interacts with arbitrary surfaces which is combined with a high-speed, high-definition imaging apparatus. Broadband skin excitation reproducing the dynamic contact loads previously identified can be effected while imaging the contact through a transparent window, thus closely approximating the condition when the skin interacts with a non-transparent surface during sliding. As a preliminary example of the type of phenomenon that can be identified with this apparatus, we show that traction in the range from 10 to 1000 Hz tends to decrease faster with excitation frequency for dry fingers than for moist fingers.
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INTRODUCTION
F OR almost a century it has been observed that our tactile system mostly extracts information about the substance and the surface details of objects during the sliding movements of the fingers [1] , [2] , [3] , [4] . Unless a finger contact is nearly perfectly lubricated, the slip of a finger against most surfaces elicits complex oscillations. Steady sliding may occasionally be induced by lubrication from surfactants in aqueous solutions [5] , [6] , something that happens when we clean dishes with soapy water and experience difficulties feeling them. The more common case of the dry or moderately wet surfaces, however, is invariably associated with slip-induced oscillations.
These perceptually significant mechanical oscillations arise even if the counter-surfaces have roughnesses down to nanometer scales [7] . They are evident for asperities at micrometer scales [8] , [9] and higher [10] . These observations justify the need to develop methods to characterise finger contacts under dynamic loading conditions, since such dynamic contacts are the rule rather than the exception during the tactile interaction with objects.
Since the observations of Gibson regarding human perceptual behaviour [11] , it has been widely recognised that the information available from statically loading fingers and hands with objects has little perceptual value. There are three main types of informative finger contacts: when a finger interacts with an object causing a quasi-static evolution of its mechanical state, when a finger collides with a surface, and during sliding on a surface or at the onset of slip [12] . Only the latter two cases qualify as dynamic contacts.
The apparatus that was developed in the current work specifically addresses the study of dynamics contacts. The evolution of these contacts can be divided into epochs [7] , [13] , [14] , [15] , [16] which typically can be identified through two approaches. A first approach is through the bulk measurement of frictional forces. Such measurements require special instruments owing to the need to obtain a reliable response over a large frequency range, to viz., 500 Hz. A second approach is to image the contact of the finger through a transparent surface. While the bulk frictional response of a finger to movement is relatively easy to obtain in the quasi-static case, the evaluation of the mechanical consequences of the friction associated with a dynamic finger is more difficult. Thus far such characterisation was obtained indirectly, either acoustically [17] , through acceleration signals [18] , [19] , [20] , remote velocimetry [10] , or directly by imaging through transparent surfaces.
When a person explores a surface, skin tribology depends crucially on the spontaneous motor programs that are called upon for each type of surface and perceptual task. For example, seeking to detect a small asperity on a smooth surface, such as a micro-crack, will involve a very low tonic output, but the identification of the essence of a wood from its grain might evoke much greater activation. Replacing a complex surface with which the skin interacts by a rigid surface that oscillates in a complex manner, [21] , is arguably a reasonable approximation to sliding on a complex surface. Consider that the propagation of mechanical waves in the skin is of the order of 10 ms À1 , [22] , which at 10 Hz corresponds to a wavelength of 1 m. At 1 kHz, the wavelength reduces to 10 mm but at such frequencies viscous forces dominate, [23] , and the skin may then be considered a rigid solid. It can be further observed through behavioural studies that the tangential component of the interaction force with an object is particularly rich in information concerning the texture roughness and shape of the surface topographical features making up the texture [24] .
From the above observations we constructed an apparatus that can excite the skin tangentially with arbitrarily complex displacements in a wide frequency range, while simultaneously imaging the contact at high spatial and temporal resolutions. The apparatus can also measure the tribology of a finger sliding on arbitrary natural surfaces and can further ascertain that interfacial forces, which arise during exploration and during testing, are indeed equivalent. We present preliminary results and discuss their implications. Before doing so, we briefly review relevant contact imaging and tribological measurement techniques.
RELATED WORK

Imaging Finger Contacts
A prism-based Frustrated Total Internal Reflection principle (FTIR), see Fig. 1 , was adopted by Levesque and Hayward to image finger contacts with flat, raised, or indented surfaces [25] . This technique can produce high contrast images of the intimate contact of a finger with a transparent surface. It was possible to image the temporal evolution of the skin strain patterns in the contact region area during rotation and lateral movements. By examining changes in the triangulation of tracked skin features, they found that patterns of skin compression and expansion resulted from a combination of gross movements and surface features.
Using the same device, Andr e et al. [15] found that the skin hydration level reduced the tendency of a contact to slip, irrespective of the variations of the coefficient of friction. Delhaye et al. [27] , employing a similar technique, but with coaxial illumination to facilitate the movement of the counter-surface, observed the contact area evolution during the stick to slip transition in distal, proximal, radial and ulnar directions. This study examined the differences in the stick ratio and the contact area displacement with time or tangential force using an optical flow algorithm. Coaxial illumination, however, produces lower contrast images than prismbased frustrated reflection since the background inter-ridge surfaces reflect significant light, but it has the advantage of giving images that do not require aspect-ratio correction.
Another very popular approach to take advantage of the Frustrated Total Internal Reflection principle is in a direct manner [28, Sec. 12.3] , as shown in Fig. 2a . Here, light is injected in a slab of glass acting as a light trap, giving a dark background when no object is in contact with it. When there is an intimate contact, reflection is also frustrated, but some of the light escaping from the contact scatters and some diffuses inside the finger tissues. This is due to the fact that the interface surface separating the two light propagating media-the glass and the skin-is discontinuous at many length scales. The optical effect is a key advantageous property the prism-based FTIR technique owing to its subtractive nature, but is a fundamental limitation of the direct approach because the additive nature of the process causes a portion of the light to escape from the trap, giving rise to an intensity graded image on a black background Fig. 2b . Moreover, some of this light reflects from the surfaces that are in close vicinity. In the image shown in Fig. 2b , the bright spots visible inside the sweat ducts are probably the result of specular reflections of this light against menisci of exuding sweat, see Fig. 2c . The reflected light is thus modulated by many factors and sweat bridges can be confused with true contact areas. Wiertlewski et al. [29] recently took advantage of this technique for imaging finger contacts at ultrasonic frequencies, which to our knowledge is the first example of in vivo finger contact imaging under dynamic loading arising from a moving mechanical boundary.
Lastly, using direct illumination and image processing techniques to compensate for low contrast, Tada and Kanade showed that as the normal force increases, a large overall area is created, and that the stick region disappears faster as speed increases [30] .
Finger Tribometry Against Natural Textures
Several tribometers exist that are capable of measuring finger tribology in vivo [31] , [32] , [33] , [34] , [35] . Some of these devices are capable of measuring the interaction of a bare finger with a wide range of natural textures [21] , [36] , [37] . The particular design adopted herein, Fig. 3 ., was developed by Wiertlweski et al. [38] and adapted by Platkiewicz et al. [39] to record natural textures. Recently, Janko et al. [40] described a high performance tribometer that was employed to identify a range of physical effects arising from the nonlinear nature of friction. (a) Prism-based frustrated total internal reflection principle. With a correctly designed diffuser, light entering the prism is completely reflected, yielding a bright background. Any object in intimate contact (or up to a few tens of nanometers) with the face of the prism at distances smaller than the wavelength of the light disrupts reflection locally. (b) High contrast images of the 'real' contact since objects distant from the surface by more than a few tens of nm will leave reflected light intact. (c) Transitions from sticking to sliding, see [26] , can be directly observed since sliding ridges exhibit smaller contact areas than sticking ridges. The present design, see Fig. 3 , features a very high ratio of interfacial forces component separation to ensure that normal loading and frictional forces are accurately measured. The normal force components was computed using two load cells (9313AA1, Kistler AG, Switzerland) and the tangential force component using one load cell (9217A, Kistler AG, Switzerland). The leaf springs transmitting normal loads to the load cells have the feature of being 1,000 times stiffer in the normal direction than in the tangential direction.
DEVICE OVERVIEW
The device, represented in Fig. 4 , consisted of a tribometer that catered to both a recording operating mode and a reproduction/imaging mode. The recording apparatus used a tribometer (a) to record the fluctuating friction force arising between a sample (b) and a sliding finger. These fluctuations could be recreated using an electrodynamic motor (c) and their effect on a finger observed by imaging (d). The recreated forces could be monitored using the same tribometer (a).
APPARATUS
Requirements
The main challenge was to achieve force sensing with sufficient bandwidth, at least up to 500 Hz but ideally up to 1 kHz, in order to cover the temporal frequencies associated with scanning textures [41] , [42] . In practice, this requirement reduces down to eliminating any sharply undamped modes from the mechanical structure at frequencies in the desired operating band that would be difficult to compensate by inverse filtering.
In terms of skin excitation, the requirements involved ensuring a stable and robust signal causality relationship between a transducer and a finger over a wide frequency band. One approach, the isotonic approach, is to arrange for the transducer to have a mechanical impedance that is much smaller than that of the finger and to measure displacements resulting from a known applied force. Such an approach is possible, [43] , but difficult to implement here owing to the mass of the plate used to image the finger contact. The converse approach, the isometric approach, which is adopted here, is to arrange for the transducer to have an impedance that dominates that of the finger and to measure the force resulting from its displacement.
Design and Construction
The tribometer design, see Fig. 3 , was optimised by constructing it from three single-block mechanical parts connecting the load sensors, achieving high rigidity. The load cells were rigidly attached by fasteners to mechanical parts machined out of single blocks in order to maximise construction rigidity. Next, the sample holder platform was designed to be light and rigid. It was machined out of a single block of grade 2017 aluminium as depicted by Fig. 5 .
In the reproduction apparatus, the lateral glass frame supported the skin excitation transducer, which was connected to it by a set of compliant leaf springs. The transducer was actuated by a contactless electrodynamic voicecoil motor (Model NCC01-07-001-1R, H2W, Santa Clarita, CA). It is represented schematically in Fig. 9 . The plate in contact with the finger serves as a transparent imaging window. The imaging system is described in the next section.
The modal response of the sample holder platform was evaluated using an impact hammer to excite the structure (Low impact hammer type 086E80, PCB Piezotronics). The results revealed that the response was satisfactory with a first peak at 550 Hz due to the platform's cantilevered design in order to satisfy the aim of employing the same measurement platform for the recording and the reproduction apparatuses, see Fig. 6 . The tribometer's performance was reported in [7] .
We adopted the guideline that the stiffness of the plate suspension and the damping coefficient should be of the same order as that of a fingertip while the moving mass should be many times greater in order to achieve the required signal causality. This way, any force applied by the motor to the plate will be converted into an acceleration in a simple manner. In the lateral-medial direction, the mean bulk stiffness of human fingers is known to be about 1:0 N mm À1 and the damping of the order of N s m À1 [44] . These target figures were thus adopted. As a result of the mechanical properties of the finger, the amplitudes of the bulk oscillations during exploration can reach one or two millimetres, thus the transducer was designed to achieve these values when oscillating at different frequencies.
The springs were made from copper beryllium beams that were cut to give the required stiffness. The frame holding the moving glass plate was machined from magnesium for rigidity and low mass. To achieve the required damping, we designed a Foucault-current damper of a design similar to that described in [45] . The armature was made of two aluminium plates that moved without contact between pairs of magnets, as seen in Fig. 7 .
The damping viscosity obtained is a function of several parameters [45] . The size, spacing, and number of magnets are important ones. We employed twelve pairs positioned every 2 mm using plastic spacers on either side of the moving plate. The material with which the armature was made was non-alloyed aluminium (99% pure) to maximise conductivity and minimise mass. The air gap between the magnet and the armature was set to 0.1 mm. The magnets were 15 Â 3:5 Â 2 mm and made of Neodymium (NdFeB) with nickel coating giving a flux density of 1.4 T.
Identification
Sending a step impulse to the motor, Fig. 8 , allowed us to identify the parameters of the system by minimising jfðtÞ À fðtÞj wherefðtÞ and fðtÞ are the model and the measured ground reaction forces respectively. To estimate the damping ratio, we fit the response curve to the solution of the governing equation of a forced underdamped system: fðtÞ ¼ Ae Àv 0 t cos ðv d t À fÞ where A is the amplitude, the damping ratio, v 0 the resonance pulsation, w d the damping pulsation, and f the phase. Identification resulted in the following identified mechanical parameters values:
Interfacial Force Measurement During Excitation
From the system's free body diagram, Fig. 9 , the forces acting on the plate were: the force of elasticity, f k , the force of viscosity, f b , the interfacial force of finger friction, f d , and the force of the actuators, f a , giving
However, the reaction force sensed by the tribometer's lateral sensor is, f s ¼ f k þ f b , thus if the acceleration of the plate, € x, is measured, then the interfacial force of the finger friction can be evaluated from f d ¼ Àm€ x À f s À f a . Thus, we could easily compute f d since m was known, f a was precisely controlled, and f s and € x were accurately measured. Fig. 10 shows examples of the difference in information and magnitude obtained in the friction force when a metal mesh, chamois leather and whitewood (samples 42, 23 and 111 from [46] ) were scanned with a bare finger at roughly 100 mm s À1 . 
Examples of Texture Recordings
TWO IMAGING APPARATUSES
A high-speed camera (Model Mikrotron MotionBLITZ EoSens mini2) was employed to image a fingerpad contact under dynamic loading in the two modes described earlier.
To achieve high spatial resolution in addition to the high temporal resolution, it was fitted with a Navitar 6,000 zoom having a 12 mm fine focus augmented with a telescopic adapter and a 0.75x lens attachement. This set-up allowed focus from a whole fingertip contact down to just five fingerprint ridges at high resolution. Obtaining a sufficient level of illumination was a challenge in order to serve the needs of the two total internal reflection methods that were available. It should be noted that the two imaging techniques employed could not be deployed simultaneously since switching requires re-arrangement and recalibration.
There are several definitions of the contact area [47] . The gross area, A gross , corresponds to the overall area that makes up the elliptical shape encompassing the entire contact. With increasing precision, A ridge excludes the interstitial spaces between the ridges while A junct is the sum of small segments of the ridges that are in contact with the glass that eventually connect to form A ridge . Lastly, the real contact area, A real , is an approximation of the most precise contact area that we are aiming to characterise. There are surface topographical features on the ridges at the length scales of the skin cells and asperities protruding from these cells. Provided that the features are sufficiently compressed under the action of a normal load then A junct is approximately equal to A real .
The prism-based method allows us to observe A junct directly, which is a reasonable measure of the real contact area as discussed previously. It allows us to know very precisely the full contact created between the plate and the junctions of the finger pad ridges. Conversely, the direct approach provides an accurate measure of A gross and leads to some measure of A ridge . However, it is imprecise due the light being reflected and the sweat may be misinterpreted as stratum corneum in contact with the surface, hence the pressure distribution and A junct cannot be estimated. Instead, its advantage is in providing a representation of the details of the micro-mechanics of the finger pad under different measurement conditions. Calibration of the direct approach is relatively straightforward while the prism-based method requires substantial calibration and adjustment to account for the image distortion.
We achieved an excellent resolution with a pixel size of approximately 10 nm. This means that considerable detail of junction contacts with the surface could be resolved in the case of the prism-based technique and of how the ridges were shaped and deformed in the case of the direct technique.
Prism-Based Frustrated Total Internal Reflection
A right-angle prism was mounted to a 3-axis micro-positioner that was placed below the vibrating glass plate and that was adjusted to leave a 0.1 mm gap between the prism and the glass plate. Index-matching immersion oil was then used to fill the gap and the oil was retained there by capillarity, thus realising a continuous, yet deformable, optical milieu, see Fig. 11 . A bright cold light source (KL 2,500 LED, Schott, Germany) was employed for illumination. An opal diffuser ensured that the light was transmitted onto the camera by illuminating the prism volume without being reflected back by the smooth air-glass interface and without escaping the prism from internal surfaces. The prism was immobile, did not add mass to the the moving parts and allowed for high-speed imaging. In this mode, the natural damping introduced by the liquid interfaces eliminated the need for Foucault-current damping. With this technique, images at high spatial resolution and high temporal resolution could be obtained. One example of an image acquired for a moist finger under static conditions is shown in Fig. 12 .
Contrast was sufficient to enable excitation at imaging frequencies as high as 1 kHz. One example can be seen in Fig. 13 where a 'real' contact area could easily be imaged at such high frequencies 1 .
Direct Illumination Total Internal Reflection
Green coloured light was transmitted into the glass plate by a set of laterally-placed light emitting diodes (LED), creating total internal reflection, and allowing for the fingerprint in contact with the plate to be visible. To increase light incidence, the four edges of the glass plate were polished to an optical quality finish. The green coloured light minimised the fraction of light diffused by the skin tissue, which acted as a filter for the complementary colour. The frame was designed to house twelve green LEDs (HLMP-CM1A-560DD, Avago, 59,000 mcd each) with 15 dispertion giving 36 lm of illumination in total. They shone through 2 mm diaphragms to guide as much light as 1. The literature also refers frequently to the notion of 'true' contact. Here, the terms 'real' and 'true' are considered to be equivalent. possible into the 2 mm-thick glass plate to reduce the reflections on the edges of the glass that could escape the light trap, see Fig. 14. Optionally to increase the light intensity even further, we also used a cold light source (KL 2500 LED, Schott, Germany) with a green filter transmitting the light into the glass frame. With this configuration, it was possible to reach 100 Hz image sampling capability.
A 45 angle mirror was used to enhance the optical stability of the set-up and facilitate the horizontal camera mounting, see Fig. 15 . The light path from the green LEDs around the set up was frustrated until light reflected off a fingerprint ridge in contact with the glass. Fig. 16 illustrates the type of image that can be obtained with this method. It is a combination of light arising from the real contact, light reflected by the fingerpad surface, and light diffused in the tissue. This image should be contrasted with that seen in Fig. 13 as they each deliver very different types of information.
One could wonder by how much the ridges deform and whether the skin is soft enough to be flattened at the molecular level. The topography of every ridge is different, making answering this question difficult. With sweat accumulation, the highest and most rounded ridges become softer and flatten faster, while some ridges are already flattened and yet others will never be fully flattened owing to their geometry.
PRELIMINARY BIO-TRIBOLOGY MEASUREMENTS
In this section we show some examples of the stimulation and characterisation capabilities of the apparatus described previously. It is made evident without elaborative quantification that the establishment of the real contact area by a finger is a multifactorial phenomenon. For brevity, the physics behind these observations will be discussed in future publications.
Real Contact Area Dynamics during Static Loading
The imaging apparatus was able to precisely visualise the way in which the real contact area evolves with occlusion time and with applied load, see [26] and [35] , for a definition of these terms. Briefly, occlusion occurs when a fingerpad is in contact with a smooth impermeable surface so that the secretion of moisture from the sweat pores in the fingerprint ridges is trapped at the interface and is absorbed by the stratum corneum. The ridges and their surface topographical features become more compliant over a period of tens of seconds due to the plasticisation by the moisture and hence the real area of contact increases with the time of contact until an asymptotic value is reached. A static test was performed while the real finger contact area was imaged in a time-lapsed manner using the prismbased FTIR method, (1, 1.5, 3, 5, 8, and 20 s). A flat glass prism was pressed down onto the fingerpad at a gradual constant loading rate until reaching approximately 2 N in order to induce total internal reflection, with the applied load gradually increased until the required maximum value is achieved. We observed this phenomenon previously using a different apparatus configuration [35] , see Fig. 17 . Before a set of measurements, the index finger was washed with commercial soap, rinsed with distilled water and allowed to dry for 10 min until an equilibrated clean skin state was achieved. The glass plate was cleaned before each trial with optical wipes in order to remove the sweat that was secreted by the finger pad during the previous trial. Ordinary flat glass was used in all the experiments. They had hydrophilic properties since no treatment or coating was applied. The result can be seen in Fig. 18 . It can be observed how the real contact area increases gradually owing to occlusion dynamics while the gross contact area reaches its ultimate value very rapidly, see Fig. 19 . This phenomenon was discussed and analysed elsewhere in greater detail where the methods are also described [47] .
Real Contact Area under Dynamic Conditions
Exploring textures always corresponds to dynamic contacts since fingertips constantly make and break multiple contacts as the skin ridges interact with the relatively moving asperities. It is these rapid mechanical fluctuations that contain the texture perceptual information.
During steady sliding, the resulting broadband, complex oscillations can be readily observed and converted to the frequency domain and thus viewed as a sum of a large number of sinusoidal signals. It is thus informative to investigate how dynamic contacts behave as a function of frequency. The formation of the real contact area as the origin of friction between a fingertip and a surface is a multifactorial phenomenon. To investigate these factors, dynamic tests were performed where the participant pressed a finger on the glass plate, and then maintained it at around 1 N while the plate was vibrated at different frequencies. Absence of slip between the fingerpad and the glass plate could be visually ascertained. The same fingerpad skin state preparation was carried out for the dynamic conditions as for the static ones. Fig. 20 illustrates the complex influence of the different factors that were varied: tangential loading rate, contact duration, and skin hydration.
Several trends can be observed by simple inspection. Skin hydration has a significant impact at the onset of a contact and during its evolution, as can be observed by comparing images (row pairs) taken for the same loading conditions but at different times after contact onset. Dry and moist refer to different natural states of the finger; the index finger of one of the authors was cleaned at the beginning of the block of trial, then dabbed with either a dry or moist tissue before each measurement to induce the appropriate state. She was 27 years old and gave her informed consent to perform the experiment. The effects of dynamic lateral loading are also different according to normal loading rate as can be seen by inspection of the columns of Fig. 20 .
Notably, a moist finger tended to become less sensitive to loading rate than a dry finger. Another trend is that dynamic normal loading does not seem to disrupt the occlusion process and hence the increase in the real area of contact with time. Since finger hydration could not be controlled with accuracy, monotonicity is not always present in the image sequences taken under different conditions. Taking advantage of the simultaneous tribological measurement, we could nevertheless conduct a preliminary quantification of the creation of traction for different hydration states under dynamic loading. Fig. 21 reports the resulting traction measured under the above conditions and at frequencies of 10, 20, 50, 100, 200, 500, and 1,000 Hz. At each frequency, the plate vibrated at a similar amplitude of a few millimetres. Recall that traction, or interfacial shear stress, is defined as the force per unit of real contact area [26] . In this preliminary analysis we averaged the tangential traction force component and the real contact area over three trials per condition of duration 2 s. The normal load was ð0:94 AE 0:6ÞN for the dry condition and ð0:75 AE 0:3NÞ for the moist condition. To minimise the estimation error of the real contact area due to the variations in the initial moisture contents, the value employed in the analysis was based on the difference between the final and initial values.
The interfacial shear strength is in the range from 0 to 1.2 MPa and this is considerable greater than the values of 5 kPa reported for the stratum corneum of the inner forearm [34] , but in this latter case the skin was equilibrated with water in the contact region. The data in Fig. 21 correspond to fingerprint ridges being exposed to a limited amount of moisture from the secretion of sweat for a period of only 2 s and thus the compliance of the stratum corneum would be significantly less than when fully hydrated. Based on some complex contact mechanics modelling, it has been argued that a single value of 115 MPa is sufficient to rationalise the frictional behaviour of both dry and wet wrist skin [48] . However, it was calculated that the ratio of the real area of contact to the gross value was only 6:59 Â 10 À4 for wet skin unless it was assumed that capillary forces acted at asperity contacts. The small fractional area could have arisen from assuming that the Youngs modulus of the stratum corneum in the wet state is $ 7 MPa since recently it was shown that the value for the fingerprint ridges in the fully occluded state is $ 0:1 MPa [49] . Moreover, for the inner forearm measurements [34] , since the frictional force tended to zero when the applied normal force was zero, capillary forces would have been negligible compared to the applied values.
It can be observed that while the formation of the real contact area (as measured by the real contact increment in Fig. 21 , which is equivalent to the difference in the contact area between 0 and 2 s in Fig. 20 for each test) , is relatively insensitive to loading rate, interfacial shear stress (tangential force/ contact area increment) tends to decrease with this parameter. This effect is less pronounced for moist fingers than for dry fingers since there are more consistently lower values than 0.4 MPa for the moist condition. A possible explanation for this phenomenon can be found in the acceleration of the occlusion mechanism at the low frequencies, resulting from an observed more distinct compression and decompression of the fingerprint ridges thus increasing sweat secretion. Thus the effect is weaker at higher frequencies for dry fingers since moisture results in a contact with a significant initial occlusion [47] . Note that the estimation of interfacial shear stress accounted only for the increment of real contact area over a period of 2 s. The observation that the growth of real contact area for dry fingers is more sensitive to the effect of time, and here to loading rate, than it is for moist fingers may contribute to explaining the previously observed phenomenon that the dryness of fingers may not necessarily impact significantly on the coefficient of friction but rather the propensity of a finger contact to fail rapidly under load [15] .
Images Obtained with Direct FTIR
Images taken under direct FTIR were acquired in conditions similar to that of the previous section but for lower frequencies and longer durations owing to the limitations of this approach in obtaining contrasted images. Unlike those of Fig. 20 , the frames shown in Fig. 22 were heavily processed to compensate for the lack of illumination dynamics by normalising them to the darkest and brightest pixels. This means that the images obtained at the onset of a contact have very few brightness levels.
The comparison of the images in Fig. 20 and in Fig. 22 strongly corroborates the measurements computed in [29] that the brightness level strongly correlates with friction, which is turn is correlated with the real contact area. In effect its real contact is likely to increase the portion of light being scattered while the other contributors to brightness, diffusion and reflection, would remain by and large unchanged. On the other hand, the notion that brightness correlates with the mean contact pressure is not well supported by the present results since correlating brightness, and hence real contact, with gross pressure would depend on an analysis of the contact mechanics at the ridge lengthscale and more importantly at the asperity length-scale [47] .
CONCLUSION
We described an apparatus capable of recording the dynamics of finger interaction with natural textures and to excite fingers with the same dynamics but with the added benefit of imaging with high spatial and temporal resolutions the evolution of both the gross behaviour of the finger through direct FTIR as well as the microscopic details of the real contact area. This will allow us to gain information on how a fingerpad deforms under load while sliding on otherwise non-transparent materials.
The apparatus enables a wide range of studies related to physical underpinning of tactile material discrimination and identification in perceptual tasks. It could also lead to a better understanding of the grip regulation mechanisms on arbitrary surfaces.
Standardised loading patterns such as sharp transients or step loadings can also be examined in order to visualise the transient phenomena that most certainly take place during natural discriminative or prehensile behaviours. The role of the fingerprint in tactile perception may also potentially be clarified since our newly introduced technique will allow us to investigate the behaviour of ridges at frequencies that are relevant to natural conditions. Future work may also involve evaluating the effects of dynamic loading on fingertip ridge deformation. He has published more than 250 articles in journals and conferences, co-founded spin-off companies and received best paper and research awards. He was on the editorial boards of the IEEE Transactions on Robotics, the ACM Transactions on Applied Perception, and the IEEE Transactions on Haptics.
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